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This thesis is written for my Master’s degree at Western Kentucky University. The 
research described here was instructed by Dr. Yan Cao in the Department of Chemistry, 
Western Kentucky University, from January 2018 to June 2019. Except for the 
references, this work is original. Neither this, nor any substantially similar dissertation 
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This research is devoted to the study of the interaction between nanoparticles and 
electromagnetic waves using a numerical simulation method. Narrowed-down and 
specific attention in this thesis was given to the interaction between nanoparticles and 
UV-Vis-IR light, which is of great significance since comparable scales of nanoparticles 
and the wavelength of UV-Vis-IR. On the other hand, nanoparticles or nanomaterials are 
widely used in physics, chemistry, biology, medicine, environment and other disciplines. 
This research is mainly a theoretical method, different from the experimental method, 
that ensures in-deep understandings on the interaction between nanomaterial and 
electromagnetic waves, and also great in assisting the explication of experimental 
results.  
In addition, this research expanded the application of the theoretical method, 
exploring a new technique to study the optical properties of nanoparticles. In this way, 
the optical properties of nanoparticles can be predicted quickly and accurately. The 
thesis work shows great potentials of wide applications in the field of solar energy 
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To investigate the interaction between nanoparticles and electromagnetic waves, a 
numerical simulation model based on FEM was built in this thesis. Numerical 
simulation is an important auxiliary research method besides experiments. The optical 
properties of nanoparticles consist of scattering, absorption, and extinction, and in the 
case of nanoparticle suspension, the transmission is also involved. This thesis addressed 
two typical applications based on the established model, one was regarding the 
nanofluids for solar energy harvesting, and the other was regarding the optical properties 
of atmospheric soot. In the case of the nanofluids solar energy harvesting, the 
established model provided a convenient and rapid screening of potential nanoparticles 
and nanofluids candidates for solar energy harvesting. A core-shell structure 
nanoparticle, using Cu as the core material in a diameter of 90 nm coated with 5 nm 
thickness graphene, exhibited a better photothermal property under the solar radiation. 
In the second case regarding atmospheric soot, the established model provided an 
efficient method for understandings on the optical properties and warming effects of 
realistic soot particles. It was found that the sizes and material characteristics of soot, 
would greatly affect their scattering and absorption of light. Moreover, two submodels 




soot involving their core-shell structures (moisture or organic condensates) and their 
fractal agglomerate structures. In conclusion, the established model helps to understand 
the interaction between nanoparticles and electromagnetic waves, which shows great 




Nanoparticles, are between 1 and 100 nm in size and have potentials of and actual 
applications in industries because of their unique properties, such as medicine, optics, 
and electronics and so on. These special properties are largely due to the large specific 
surface area and the electron confinement effect, which makes these nanoparticles 
different from those bulk materials and showing size-dependent properties [1]. 
Especially for noble metals nanoparticles, they have attracted a great more deal of 
attention due to their localized surface plasmon resonance effect (LSPR), which caused 
by the collective electron oscillation in the nanoparticle. This makes gold (Au) 
nanoparticles show a wide range of application prospects, such as the molecular sensing, 
nanomedicines, the surface-enhanced Raman scattering, the surface-enhanced 
fluorescence, and the photothermal therapy. Contrastingly, the study of silver (Ag) 
nanoparticles have been contributing to the application in photonics, data storages, 
photocatalysis, and sensing technologies. Furthermore, nanoparticles of many other 
materials, such as other metals, dielectric, semiconductor and their hybrid structures 
have been widely applied to medicine, physics, optics and electronics [2]. 
Nanoparticles have different characteristic parameters that affect their physical and 
chemical properties. For a single nanoparticle, size, shape, crystallinity and composition 
can deeply influence the properties of nanoparticles and further their applications [3]. In 
addition, the concentration and size distribution of nanoparticles dispersion system must 
be measured for its complete description [4]. Two methods have been developed to 
characterize nanoparticles, namely microscopy and spectroscopy [5]. The microscopy 




microscopy (SEM) and the atomic force microscopy (AFM), is the most effective in 
characterizing the sizes and morphologies of nanoparticles, but costly, time-consuming 
and  problematic in the sample preparation leading far away from its original status [6]. 
This calls for the second method, a fundamental exploratory spectroscopy method, 
which likely achieves non-invasive and realizing in situ to be introduced. It is largely 
dependent on the knowledge expansion in the interaction between nanoparticles and 
electromagnetic waves [7]. The combination method based on both spectroscopy and 
microscopy, nanoparticle tracking analysis (NTA) enables the direct visualization of 
nanoparticles in solutions, to precisely investigate particle sizes, size distributions and 
concentrations of nanoparticles, but lagged by the use of the high cost of microscopes 
and the loss of morphological information [8] [9]. 
Many spectroscopic methods for characterizations of nanoparticles are based on 
studies on scattering, absorption and extinction properties of nanoparticles, both in the 
time and frequency domains. Dynamic light scattering (DLS) can report the average 
hydraulic radius of nanoparticles in their suspensions quickly and accurately, which is 
most applicable only in mono-dispersive systems [10]. Efforts to obtain the size 
distribution information of nanoparticles lead the development of the algorithm 
optimization method and nanoparticle separation method [12] [13] [14]. Static light 
scattering (SLS) which is also known as multi-angle light scattering (MALS) is a group 
of spectroscopy techniques to obtain the radius of gyration of nanoparticles by 
measuring the scattering intensity at many angles [15]. These light scattering techniques 
usually measure the intensities at a fixed angle or multi-angles, angles of backscattering 




on scattering lights by nanoparticles is generally difficult to be explained only by the 
scattering theory. This calls for the assistance of the extinction theory and the 
Beer-Lambert law and likely dual-wavelength or multi-wavelength techniques, for 
determinations of sizes and even morphologies of nanoparticles in their suspension 
systems [20]. Wavelengths in ultraviolet-visible (UV-Vis) spectra ranges can be most 
convenient to characterize nanoparticles, owing to the sensitivity of the UV-Vis optical 
properties of nanoparticles in their sizes, shapes, aggregation and components [21]. The 
UV-Vis spectra have been more applied in characterizations of noble metal nanoparticles 
such as gold and silver, but little in semiconductors and other nanoparticles [22] [23]. 
The difference is caused by the existence of the significant LSPR effect of noble metal 
nanoparticles in the UV-Vis spectra [24] [25]. There are other spectroscopy techniques 
for characterization of nanoparticles [26] [27], which only applicable in specific 
situations. Overall, many different spectroscopic methods, bypassing microscopic 
methods, have been developed based on understandings on the interaction between 
nanoparticles and electromagnetic waves, although there are no single spectroscopic 
methods can singly fulfill tasks of determinations of sizes and their distributions and 
morphologies of nanoparticles. 
Prior to address the ultimate task of the determination of sizes a nd their 
distributions and morphologies of various nanoparticles, understandings of interactions 
between electromagnetic waves and nanoparticles must move ahead. Theoretical 
calculation and numerical simulation techniques seem to be powerful and convenient  
techniques to address this goal. The theoretical Mie theory has been widely used to 




single and spherical-like particles [28]. Thus, many numerical simulation methods have 
been developed to address the solutions of the most general Maxwell Equation [29] [30]. 
Among of them, the discrete dipole approximation (DDA), the finite element method 
(FEM) and the T-matrix are most common ones to be developed in studying on the 
optical properties of arbitrary nanoparticles as well as their suspensions [31] [32] [33] 
[34]. In this research, the FEM method was used to investigate the optical properties of 
nanoparticles and their suspensions, widely involving scattering, absorption and 
transmission. 
FEM is a numerical simulation method which can quickly and accurately solve 
Maxwell’s equations based on a finite difference Yee lattice [35]. The analytical solution 
of this problem requires the solution for partial differential equations over the domain. 
(WIKIPEDIA) To solve the problem, it subdivides a large system into smaller, simpler 
parts that are called finite elements. The simple equations that model these finite 
elements are then assembled into a larger system of equations that models the entire 
model. This method can accurately simulate the scattering and absorption of light by 
nanoparticles, and it can also be coupled with multiple physical fields. For example, the 
light absorption and heat transfer of nanoparticles can be coupled to simulate the 
photothermal properties of these nanoparticles which could be used to study 
photothermal therapy for cancer, solar energy harvest, and warming effect of soot 
particles. Moreover, it is applicable to physical fields based on different theoretical 
models. For example, when studying the optical properties of nanoparticle suspension, it 





Therefore, a numerical simulation method based on FEM was established to study 
the optical properties of nanoparticles and their suspensions in this thesis. The optical 
properties consist of scattering and absorption of nanoparticles, as well as extinction and 
transmission of nanoparticle suspensions.  In this research, there are two applications of 
this simulation method, one is regarding the nanofluids for solar energy harvesting, and 
the other is regarding the optical properties and the warming effect of soot.  
2 METHODS AND THEORETICAL MODELS  
2.1. Method 
The FEM simulation method based on COMSOL Multiphysics was applied to 
explore the optical properties of nanoparticles and their suspensions. The schematic of 
the FEM model on the optical of a single nanoparticle is shown in Fig. 1. The 
nanoparticle was inserted in the surrounding medium,  whose external surfaces were set 
to be perfectly matched layers (PMLs) absorbing all scattered light. The incident light 
enters the nanoparticle suspension from above. The free tetrahedral grid was selected for 
simulations of nanoparticle and medium, and the remaining geometry was meshed using 
the sweep method. The defined maximum element size of the simulation grid was 
one-sixth of the wavelength of the incident light, and the maximum element size for 






Figure 1. Schematic of the model to study optical properties of nanoparticle and its suspension. 
2.2 Optical model of nanoparticles 
In order to investigate the optical properties of nanoparticles, Maxwell’s equations 
that govern the interaction of nanoparticles and electromagnetic wave need to be solved. 
Mie theory is widely used to calculate the absorption, scattering and extinction of 
nanoparticles undergoing the irradiation of light [36]. In addition, it can be simplified to 
Rayleigh scattering when the size of nanoparticle is much smaller than the wavelength 
of incident light. However, they are also suitable for solving spherical-like nanoparticles 
and the solving process is very complicated. FEM is a numerical simulation method 
which can quickly and accurately solve Maxwell’s equations based on a finite difference 




flux density ( D and B ) can be obtained from the solution, and can be further used to 
calculate the scattering, absorption and extinction of these nanoparticles.  
Solutions of Maxwell equations were further used to calculate the scattering, 
absorption and extinction cross sections. The scattering cross section sca  and the 
absorption cross section abs  represent the ratio of the entire scattering intensity and 
absorption intensity of nanoparticles to the incident light intensity, respectively. The 












                         (2) 
ext sca abs                           (3)                 
where n  is the normal vector pointing outwards from the center of the nanoparticle, 
scaS  is the scattered intensity vector, S  is the surface area of the nanoparticle, V  is 
volume of the nanoparticle. Q  is the power loss density, which result in heat 
dissipation in the model. Both scaS  and Q  can be derived from the solutions of 
Maxwell equations. In addition, scattering efficiency scaQ , absorption efficiency absQ  
and extinction efficiency extQ  can also be calculated. scaQ , absQ  and extQ  are 
defined as 
sca scaQ                           (4)                               
abs absQ                           (5)                               




where   is the projected area of the particle under incident light. 
The electromagnetic optical properties of the model depend strongly on their 
fundamental optical parameters of materials. The experimental approach is only 
applicable in the acquisition of dielectric constant of bulky or thin film materials, but not 
for single nanoparticles [37]. Alternatively, the dielectric constant of materials can also 
be calculated based on the Lorentz-Drude model. This model displays a composite 
dielectric function   which includes contributions from both free electron 
D and the 
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              (7)     
where subscript e  represents the free-electron, 
p  is the plasma frequency,   is the 
damping constant, and the parameter j  represent jth  oscillator, and 
j  is the 
resonant frequency of jth  oscillator. For nanoparticle equal or smaller than quantum 
dots (10 nm), the dielectric constant varies with the particle size according to Quantum 
mechanical model, but can be regarded as size independent upon its size larger than 10 
nm [39]. The latter is focused in this study and the dielectric constant from bulk material 
can be used [40].  
Moreover, the absorption of light by nanoparticles causes their temperature to rise 
based on the electromagnetic loss model, which provides a new characteristic of these 
nanoparticles. The absorption and heat transfer of particles are easily coupled by FEM 
model built in this research. The absorption power density ( )p r can be obtained by [41]  
                     
2










where   is the frequency of incident light, r  is the position vector. E  is the electric 
field that can be obtained by solving Maxwell’s equations.  Im ( , ) r  represents the 
imaginary part of the permittivity of particles. After the absorption power density is 
obtained, the combined heat transfer equation can be used to solve the temperature of 
the whole domain. The thermal diffusion equation can be expressed as 
 ( ) ( ) ( )p
T
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r r r                  (9)                     
where ( )k r  is the thermal conductivity and ( )T r  is the temperature distribution, both 
of them are position vector r  dependent.   is the mass density, 
pc  is the specific 
heat capacity and t  is time. Supposed water to be the base medium, owing to the large 
difference in thermal conductivity between nanoparticles and medium, the Biot number 
can be calculated as  
/cBi L h k                        (10)                           
where h  is the heat transfer coefficient, k  is the thermal conductivity and cL  is the 
characteristic length, which is defined as the radius of sphere nanoparticles. When the 
thermal conductivity of the nanoparticle is much larger than heat transfer coefficient of 
the nanoparticle/medium interface, then Bi  is less than one, leading a nearly uniform 
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nanoparticles, r  is the distance from the particle center.  
2.3. Optical model of nanoparticle suspension 
The previous model can effectively and accurately study the optical properties of 
nanoparticles in a small range. However, it will become more difficult when solving the 
nanoparticle suspension with large scale. Therefore, a new model based on 
Beer-Lambert law was introduced. The incident light enters the nanoparticle suspension, 
and the transmitted light attenuates due to the absorption and scattering of the 
nanoparticles and the dispersion medium. The Beer-Lambert law, involving the total 
attenuation process of light propagation in the nanoparticle suspensions, and this process 
can be modeled as followed,  
s
0
n LI I e

                         (12)                           
where I  is the intensity of penetrated light, 0I  is the intensity of the incident light, 
L  is the depth of suspension in the direction of light penetration, ns  is the absorption 
coefficient of nanoparticle suspension which can be calculated as  
ns m m np np                           (13)                      
where m  is the volume fraction of surrounding medium and np  is the volume 
fraction of nanoparticles. m  and np  are absorption coefficient of medium and 

















where m  is the imaginary part of the complex refractive index of medium and   is 
the wavelength of the incident light. absQ  is the absorption efficiency of nanoparticles. 
a  is the radius of the nanoparticles. Of course, this model varies with different 
application. When used in nanofluids to absorb solar energy, the surrounding medium is 
always water, which is non-toxic and readily available. In addition, the density
nf , 
specific heat capacity ( )p nfc , viscosity nf  and thermal conductivity nfk  of 
nanofluids can also be calculated as [42] 
nf w w np np                          (16)  
( ) ( ) ( )p nf w p w np p npc c c                      (17)                    
2(1 2.5 6.2 )nf np np w                   (18)                          
2 2 ( ) ( )
2 ( ) 2 3
np w np w np np p np B
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np w np w np w
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     (19)         
where w  and np  are density of water and nanoparticle, w  is the viscosity of water, 
npk  and wk  are thermal conductivities of nanoparticle and water, and Bk  is the 
Boltzmann constant. 
2.4. Agglomeration model of nanoparticle 
Whether studying the absorption of solar energy by nanofluids or studying the 
optical properties of soot, it is inevitable to encounter the agglomeration of nanoparticles. 
For example, the freshly emitted soot particles tend to form aggregates for stabilization 
during the aging process in the atmosphere. Diffusion limited aggregation algorithm was 




particle aggregates also known as fractal equation is defined as follows:  










                         (20)                         
where 
sN  is the number of concerned monomers, a  is the mean radius of concerned 
monomers, fD  is the fractal dimension, gR  is the radius of gyration of aggregates and 
fk  is the structural coefficient.  
3 APPLICATIONS 
3.1. Nanofluids for solar energy harvest 
    Nanofluids, involving nanoparticles of the effective localized surface plasmon 
resonance (LSPR), exhibit the great enhancement in the light absorption and the heat 
transfer which activates many technological applications, especially covering solar 
thermal harvesting. Nanoparticles enhance the thermodynamic and optical properties of 
water, while water strongly absorbs infrared radiation [44]. This synergistic effect is 
further enhanced by the applied LSPR-effective nanoparticles. A numerical simulation 
method integrating classic electromagnetic wave optics, multiparticle group theory, heat 
transport and the Beer-Lambert law was for the first time established via the built finite 
element (FEM) model. A variety of spherical and core-shell structured nanoparticles 
were addressed in aim to control shifts in their LSPR wavelength, targeting the 
realization of the high extinction efficiency and photothermal conversion at 500 nm 
wavelength of the highest intensity of solar energy. The validation of the model was 
established via cross-comparisons among simulating results, the theoretical solution on 




model was also studied to explore the interaction of multiple particles and their 
contribution to overall photothermal performance under the irradiation. This research 
provided an efficient method to screen advanced LSRP-effective nanoparticle candidates 
and optimize the photothermal conversion of nanofluids for solar energy harvest. 
3.1.1. Optical properties of the single nanoparticle 
Result of the grid independence test for typical gold nanoparticle (50 nm in 
diameter) is shown in Table 1. Different sizes and the number of grids were adopted to 
study the influence of the grid parameter on simulation results. The change of the 
extinction efficiency of 50 nm gold nanoparticle under 500 nm incident light became 
acceptably minimal when the grid quantity was greater than 42128, indicating the 
appropriately enough grid distribution. Fig. 2(a) displays the calculated absorption 
coefficient of water in the spectra of 280 nm-2500 nm, covering the majority of the solar 
energy. The calculated absorption coefficient of water was significant upon the solar 
wavelength longer than 1200 nm, implying the only effectiveness of the solar absorption 
in the far-infrared range by water, and almost transparent in the UV-visible and 
near-infrared range which is the most energetic spectra of the solar radiation. Fig. 2b, 2c 
and 2d show the comparison of experiment results [45] [46] [47] and two theoretical 
calculations (the Mie theory and the FEM) on optical properties (absorbance and the 
extinction cross section) of Au, Ag, Cu sphere nanoparticles with diameters in 20 nm, 18 
nm and 28 nm respectively. The high accuracy of the adopted FEM was exhibited, 
except for the relatively large deviation for Cu because of its ease in the oxidation. Fig. 
2b showed an obvious extinction peak of Au at the wavelength of about 530 nm 




shown in Fig. 2d. It’s apparent that the LSPR-effective nanoparticles exhibited strong 
extinct in the solar visible light spectra which was not covered by water, and absorbance 
and the LSPR-effective wavelength shifted upon different nanomaterials.       
 
Table 1. Result of grid independency study for optical model of nanoparticle. 
Grid quantity Extinction efficiency Difference (%) 
18568 2.0168 1.45 
42128 2.0465 ̶ 
72144 2.0473 0.03 
117850 2.0502 0.18 
274042 2.0497 0.15 
 
 
Figure 2. (a) Solar spectrum and water absorption coefficient. (b) – (d) Extinction cross section 





The LSPR can also be tunable via optimizing the size and the shape of 
nanoparticles, because of the size-independent character of dielectric constant of 
nanoparticles. The LSPR shift can solely be attributed to the retardation effect of the size 
or shape of the particle upon its size larger than 10 nm. Fig. 3a and Fig. 3b show the 
size-dependent extinction properties of Au nanoparticles from Jiang’s experimental 
results, versus the calculated extinction efficiency of Au nanoparticles based on the FEM 
method. The LSPR peak shifted clearly from 510 nm to 537 nm when the sizes of Au 
nanoparticle changing from 4.35 nm to 42.74 nm. Both experimental and simulation 
results confirmed only a small LSPR shift corresponding to the size change of 
nanoparticles, exhibiting less effective in the size change for the optimization of the 
LSPR shift. On the other hand, the electric field analysis, as exhibited in Fig. 3c, 
revealed the drastic distinction of optical scattering of a single nanoparticle with size 
increasing, referring to the variation of the oscillator mode from dipole to quadrupole. 
Fig. 4a shows the significant LSPR shift of core-shell nanoparticles versus 
insignificant shift of noble metal nanoparticles. For example, the LSPR peak of Ag 
nanoparticle shifted from 407 nm to 500 nm, upon an increase of its diameter from 30 
nm to 100 nm. In contrast, the 30 nm silica (SiO2) core coated with only 8 nm Ag in 
thickness can realize a LSPR effect to 500 nm, also narrowed its extinction spectral. The 
extinction spectral was broadened when the SiO2 core increased to 40 nm and Ag shell 
increased to 28 nm. Cu/Ag 30 nm/35 nm core-shell, Au/Ag 30 nm/35 nm core-shell, 
graphene/Ag core-shell nanoparticles showed similar extinction efficiency compared 
with those of SiO2/Ag core-shell nanoparticles in same core diameter and coating 




Weber’s paper [48]. In contrast, the LSPR shift effect became less when core-shell 
materials switched to noble metal (Ag and Cu) as the core material and SiO 2 or graphene 
as the shell material as can be seen in Fig. 4b. This study validates a proper design of 
core-shell nanoparticle was able to control ideal LSPR effect at 500 nm by tuning the 
core-shell filling ratio and materials.   
 
 
Figure 3. (a) The size-dependent extinction properties of Au nanoparticles from Jiang’s 
experiment results. (b) The size-dependent extinction properties of Au nanoparticles based on 






Figure 4. (a) Extinction efficiency of core-shell nanoparticles with noble metal as shell. (b) 
Extinction efficiency of core-shell nanoparticles with noble metal as core. 
3.1.2. Photothermal properties of nanoparticles 
Photothermal properties of nanoparticles are regarding the coupling of 
electromagnetic optics and heat transfer of nanoparticles, involving not only optical 
characteristics of nanoparticles such as absorption and scattering, but also thermal 
properties such as thermal conductivity, thermal capacity and convection heat transfer 
coefficient, etc. Simulation on photothermal properties of a single nanoparticle is 
initialized with a model shown in Fig. 1. The simulation involved selected noble metal 
nanoparticles with/without core-shell structures by coupling optical and heat transfer 
modules. Fig. 5 shows the average equilibrium temperature of the defined physical 
domain of involved nanoparticles. Among of them, Fig. 5a, Fig. 5b and Fig. 5c exhibit 
temperature rises of three noble metal nanoparticles (Au, Ag, and Cu), respectively. 
Results indicated their temperature rises were consistent to their optical extinction as 
aforementioned in the previous section, and the Au nanoparticle had a higher extinction 




of the Ag nanoparticle at 400 nm. It was interesting to see a more balanced and efficient 
photothermal conversion ability of the Cu nanoparticle. Generally, the temperature rises 
significantly with the increased size of the noble metal nanoparticle. Fig. 5d exhibits the 
temperature rise of different core-shell nanostructures, indicating the inconsistency of 
their photothermal properties and optical extinction properties (LSPR at 500 nm 
wavelength shown in Figure 4a). This study revealed the necessary integration of the 
thermodynamic properties of the core-shell nanoparticle into the optical extinction 
model to investigate a joint photothermal effect on the core-shell nanostructure.  
Further investigation revealed that Au and Cu noble nanoparticles were most 
efficient for photothermal conversion in the visible solar spectrum. However, they face 
challenges in either high cost or easily oxidized respectively when used for the solar 
energy harvest. Alternatively, the environmentally-sensitive Cu nanoparticles can be 
encapsulated in graphene or SiO2 to prevent from the oxidation. Fig. 6a shows the 
simulated average equilibrium temperature in the physical domain of Cu/Graphene 
core-shell nanoparticles with the same diameter but different core-shell ratio. Results 
indicated that Cu nanoparticle in diameter 90 nm and coating with graphene in 5 nm 
thickness had a better photothermal property, such as a huge increase of its temperature 
at the wavelength of 600 nm and also satisfactory wavelength coverage reaching as far 
as 400 nm and 500 nm. Moreover, Fig. 6b further revealed that the photothermal 
















core-shell nanoparticle. (b) The comparison of average temperature of simulated physical 
domain for Cu/SiO2 and Cu/Graphene core-shell nanoparticles. 
 
As concerned with the multiply-nanoparticle system, aggregation of nanoparticles 
was inevitably considered. Many different aggregates were formed in these 
multiply-nanoparticles systems, which significantly impacted on their photothermal 
properties. For convenience, a two-nanoparticle model was initially established to study 
the interaction of adjacent nanoparticles. The distance between two nanoparticles, shown 
as d  in Fig. 7a and Fig. 8a, was set to be 0 nm, 60 nm, 100 nm, 160 nm, respectively. 
Fig. 7b shows the volume average equilibrium temperature in the simulated physical 
domain increased upon the increase of d . The volume average temperature was 360.51 
K when d  equals to 0 nm, versus the temperature of 342.44 K for the single 
nanoparticle (Cu/Graphene 90nm/5nm) case under the similar 500 nm incident light. 
This implied the heat absorption and heat transfer efficiency of the two-particle system 
was better than that of a single nanoparticle. However, the temperature gradient in this 
domain was very small for both cases despite the big difference in their equilibrium 
temperatures as shown in Fig. 7c. The similar results, as shown in Fig. 8, can also be 
found true when two particles followed the direction of its connection parallel to the 
incident light. It was noticeable that this orientation made the first nanoparticle aligning 
with the incident light, affecting the optical absorption of the second followed one, 
resulting in the volume average temperature of the whole two-nanoparticle system 
varied with the distance between two particles, as shown in Fig. 8c. It was also found 
that the temperature rise of the whole domain was resumed when d  became larger than 




      
 
Figure 7. Fig. 7. (a) Schematic of two horizontal nanoparticles. (b) Volume average equilibrium 
temperature in the simulated physical domain. (c) Temperature field distribution for d  = 0 nm, 
d = 60 nm,  d = 100 nm,  d =160 nm. 
 
 




temperature in the simulated physical domain. (c) Temperature field distribution for d  = 0 nm,  
d = 60 nm,  d = 100 nm, d  =160 nm. 
 
This work further dealt with more complex multiply-nanoparticle aggregation 
system, in which a multiparticle agglomeration model was established based on the DLA 
[49], which is the based on Brownian motion to establish particle aggregates [50]. Fig. 
9a shows an eight-particle aggregation model due to the limited computer resource. The 
confirmation of this model unit promoted it further being imported to the photothermal 
model to calculate the photothermal properties of multiply-nanoparticle aggregation 
system. The simulation conditions were consistent to those of the single nanoparticle 
model, and phase transition of surrounding medium was ignored to avoid the 
computational complexity. Fig. 9b shows the energy flux in all directions of the 
simulated system, in which the energy flux varied with the position and the size of the 
red arrow is proportional to the magnitude of energy flow. The iso-temperature surface 
map, representing the temperature distribution, is shown in Fig. 9c. The average 
equilibrium temperature of the simulated domain reached over 500 K, implying a 
significant impact of the aggregation of a mul tiply-nanoparticle system on the light 
absorption and the heat transfer compared to those of one single nanoparticle system. In 
addition, the eight-particle uniform distribution model was also computed and its 
temperature can reach over 700 K as shown in Fig. 9d. Moreover, the volume average 
equilibrium temperature varied with the polar angle   and azimuthal angle   of the 
incident light, as shown in Fig. 10. After reviewing results from the single-nanoparticle, 
two-nanoparticle and multiply-nanoparticle systems, an overall conclusion can be drawn 




rise. Moreover, highly dispersed nanoparticles were preferred for their overall 
photothermal performance when the volume fraction of nanoparticles was same.  
 
 
Figure 9. (a) An eight-particle aggregation model from diffusion limited aggregation algorithm 
(DLA). (b) Energy flux distribution in all direction. (c) Isosurface map of the temperature 
distribution of eight-particle aggregation. (d) Isosurface map of the temperature distribution of 






Figure 10. Volume average equilibrium temperature varied with the polar angle    and 
azimuthal angle   of incident light. 
 
3.1.3. Photothermal properties of nanofluids 
Nanofluids are mixtures of the base fluid with lots of nanoparticles. Their 
photothermal properties can be experimentally investigated in terms of the 
Beer-Lambert law. Following-up the previous sections where the copper-graphene 
core-shell nanoparticle candidates in excellent optical and photothermal properties were 
introduced for the purpose of the solar energy harvest. Photothermal properties of 
corresponding nanofluids were further discussed based on the established FEM 
simulation method. The accuracy of this simulation method was verified through its 
comparison with experimental results from two open-sources [51] [52]. The first was the 
temperature rise of a 3 ml thin layer of the Cu nanofluid underneath the center spot of 
the solar simulator, as shown in Fig. 11. It was found our simulation results on the 
temperature rise of the sample were agreeable to experimental results, which was nearly 




thermally-insulated cylinder test tube underneath of the outdoor natural sunlight. Its 
temperature distribution and temperature rises of both experiment and simulation were 
shown in Fig. 12. Fig. 12b revealed an acceptable agreement between the results of 
experiment and simulation. Their difference may be attributed to uncontrollable 
environmental conditions and less known on the change trend of solar radiation. The 
free tetrahedral grids were adopted in both of these models. Grids in numbers of 25667 
and 84562 were used in the two models respectively, and the results of grid  
independency study are shown in Table 2 and Table 3. There was nearly no change in the 
difference of the volume average temperature after irradiation when the number of grids 
was further increased. The validation of the simulating method was followed-up to be 
applied to photothermal properties for our own nanofluids.    
 
Table 2. Result of grid independency study for dish model. 
Grid quantity Temperature (K) Difference (%) 
925 301.59 0.06 
4740 301.44 0.01 
25667 301.4 ̶ 
143127 301.39 0.003 
 
 




experiment and simulation for dish model. 
 
Table 3. Result of grid independency study for tube model. 
Grid quantity Temperature (K) Difference (%) 
5350 384.83 6.45 
11490 371.45 2.75 
43964 362.56 0.29 
84562 361.48 ̶ 
171359 359.88 0.44 
586513 358.8 0.74 
 
 
Figure 12. (a) Temperature distribution of the test tube model. (b) The temperature from 
experiment and simulation for test tube model. 
 
Current interested core-shell nanoparticle fluids had a domain with the length, width, 
and depth at 500 mm, 100 mm and 100 mm, respectively, corresponding to a 
three-dimension cuboid in the established simulation model. The visible light entered 
through its upper surface, with its intensity was set to be 5000 W/m2. Other surfaces 
were set to be opaque and insulated. Several kinds of interested nanofluids were selected 
including CuO, TiO2/Ag, CuO/Ag, SiO2/Ag and Cu/Graphene core-shell nanoparticles. 
Similarly, the free tetrahedral grid was used in this model. The grid independency test 




model. The photothermal properties of CuO and TiO2/Ag core-shell nanoparticles fluids 
were experimentally studied by Yu and Xuan which showed a good photothermal 
performance [53] [54]. As shown in Fig. 13a, it was found that the temperature of other 
nanofluids were never greater than 320 K, versus that of the Cu/Graphene core-shell 
nanoparticle fluid up to 328 K under all same condition after the 1000 seconds 
irradiation, which revealed a best photothermal performance of the Cu/Graphene 
nanofluid. Fig. 13b shows the temperature distribution of the simulation domain for 
nanofluid corresponding Cu/Graphene core-shell nanoparticle and the volume fraction 
 =0.01%.  
 
Table 4. Result of grid independency study for cube model. 
Grid quantity Temperature (K) Difference (%) 
82991 361.46 10.23 
245939 340.32 3.78 
308220 337.7 2.98 
393512 334.03 1.86 
681788 327.92 ̶ 
1342481 326.02 0.58 
 
 
Figure 13. (a) The temperature results of cuboid model for nanofluids corresponding different 





The nanofluids with different nanoparticle volume fraction and different incident 
light intensity were further investigated, as shown in Fig. 14. The volume fraction was 
set to be 0.001%, 0.005%, 0.01%, respectively, and pure water as a reference. The 
nanofluid exhibited 314.5 1/m of the absorption coefficient at   = 0.001%, 1707.5 1/m 
at   = 0.005% and 3145 1/m at   = 0.01%. This implied the increased 
volume-averaged temperature rise with the volume fraction of nanoparticle in nanofluids 
as shown in Fig. 14a, versus almost no temperature rise in the referenced pure water 
which is transparent to visible light. Fig. 14b further shows the increase of the incident 
light intensity obviously results in the increase of volume-averaged temperature of the 
studied nanofluids.  
 
 
Figure 14. (a) The temperature results for Cu/Graphene nanofluids with different volume 
fraction of nanoparticle. (b) The temperature results for Cu/Graphene nanofluids under different 
incident light intensities. 
 
Fig. 15a shows the absorption ratio varies with the depth y  in different nanofluids. 




incident light can be absorbed when the depth of nanofluids reach to 60 mm for all 
involved nanofluids, except for water which shows nearly no absorption of visible light. 
In the current case, more efficient absorption and a higher average temperature of this 
simulation model can be realized when the depth of nanofluid decrease to 60 mm. The 
allowable temperature rise was restricted by the phase change of nanofluids. In order to 
avoid the phase transition effect caused by excessive temperature, the heat of the system 
can be exported through nanofluids flow. The heat transfer for the nanofluids flow, 
whose flow direction was perpendicular to the incident light, was further investigated. 
Fig. 15b initially displays the corresponding time to reach the equilibrium steady state in 
the nanofluid flow. A slight increase of equilibrium volume average temperature was 
obtained after 50 seconds irradiation when the flow velocity to be 0.01 m/s. In contrast, 
the equilibrium average nanofluid temperature after 1000 seconds was found to be at 
325 K when the flow velocity to be 0.0005 m/s. Fig. 16a-d further show temperature 








(b) The temperature results for Cu/Graphene nanofluids with different flow velocities. 
 
 
Figure 16. Profile of temperature distribution for nanofluids with different flow velocities. (a)  
u =0.0001 m/s. (b) u  =0.0005 m/s. (c) u  =0.001 m/s. (d) u  =0.01 m/s. 
3.1.4. Conclusion 
The optical and photothermal properties of nanoparticles and nanofluids were 
studied using the established numerical model, and its accuracy was well verified by 
experimental results. Core-shell nanoparticles exhibited excellent characteristics of the 
LSPR frequency shift compared with those of pure noble metal nanoparticles. Among of 
them, a core-shell structure nanoparticle with Cu core in diameter of 90 nm coated with 
5 nm thickness graphene had a better photothermal property in the desirable solar 




photothermal properties, also the thermodynamic properties of nanoparticles affected the 
photothermal conversion. Studies on a two-particle model in the simulation domain 
revealed the temperature of the two particle models exceeded 360 K, versus 342.44 K 
for the single nanoparticle case under the same irradiation condition. The temperature of 
uniformly-distributed eight-particle can reach over 700 K versus only about 500 K of the 
aggregated eight-particle, implying that highly dispersed nanoparticles were more 
conducive to the overall temperature rise. The Cu/Graphene core-shell nanofluids 
showed an excellent photothermal conversion performance. The average temperature of 
nanofluid corresponding Cu/Graphene core-shell nanoparticle can rise up to 328 K after 
the 1000 seconds irradiation at a volume fraction at 0.01%, which was much higher than 
that of other nanofluids. And the specific 60 mm in the depth of nanofluids can almost 
absorb all of the incident light. This study revealed the simulation method can provide 
the convenient and rapid screening of potential nanoparticles and nanofluids candidates 
for solar energy harvests. 
3.2 Optical and photothermal properties of soot 
Soot is an important anthropogenic carbonaceous aerosol that forms atmospheric 
smog. The atmospheric presence of smog raises great concerns about human health. 
Soot particles are found to be strong absorbers and scatterers of visible light, which 
makes up a substantial part of the solar spectrum. However, most recent studies on the 
optical properties of soot were restricted to the IR wavelength range [55] [56], and few 
studies addressed the Vis wavelength range [57] [58]. In this research, studies on the 
optical properties of soot particles were carried out in the full wavelength spectrum of 




absorption of a single soot particle was established，and the scattering and absorption 
properties of different soot particles (diesel, acetylene, and propane soot) and graphite 
particles as the surrogate for soot were calculated in the visible wavelength range. The 
effectiveness of the adopted methods was verified by openly published experiments and 
the Mie theory. To make the simulation more similar to real soot aerosols, two major 
submodels were integrated, which involved their core-shell structures and their fractal 
agglomerate structures. The effects of different shell materials and their thickness on the 
optical properties of the graphite core were studied. The absorption enhancement [59] 
abs-core/shell= /abs abs coreE     is defined to indicate the enhancement intensity of the coated 
particle to an equivalent uncoated particle, which is expressed as the ratio of the 
absorption cross section of the core/shell particle to the absorption cross section of core 
particle. The studied shell materials included water (H2O), sulfuric acid (H2SO4), salt 
(NaCl) and BrC. Finally, a more realistic soot aggregation model was established based 
on the diffusion limited aggregation algorithm (DLA), and furthermore, the optical and 
photothermal properties of these aggregations were studied by multiphysics coupling 
based on the FEM simulation method. Thus, this study provided a new and efficient 
method for understanding the optical properties and warming effects of realistic soot 
particles.  
3.2.1. Optical Properties of Different Soot Particles.  
Soot particles vary according to sources and regions. This study typically involved 
investigations on optical properties of three kinds of soot particles and three kinds of 




published experimental results and the Mie theory. Fig. 17a shows the extinction results 
of polystyrene latex spheres (PSL) with a diameter of 600 nm [60]. The dashed line 
represents results from the applied FEM method in this research. It was found that 
spectra of the PSL agreed well with each other in the same wavelength range, and the 
maximum extinction appeared at the wavelength of 500 nm. The missing extinction 
results within the wavelength range of 300 nm and 430 nm in the FEM method was due 
to the lack of optical constants of PSL in this range. In addition, the effectiveness of the 
applied FEM method was further verified by comparing the extinction results of the 
noble metal silver (Ag) with a diameter of 92 nm because of the abundance of 
experimental data (Fig. 17b) [61]. The verification supported the accuracy of the 
prediction of the optical properties of particles using the adopted method in this study.   
 
 
Figure 17. (a) Extinction spectra of PSL with a diameter of 600 nm via experimental, MiePlot 
and FEM results. (b) Extinction spectra of Ag nanoparticles with a diameter of 92 nm via 
experimental, MiePlot and FEM results. 
 
Three kinds of soot particles (diesel soot [62], acetylene soot and propane soot [63]) 




carbon [65]) were used to investigate their optical properties [66]. The diameter of 
freshly emitted spherical soot monomer was set to 50 nm, and the studied wavelength 
ranged from 300 nm to 800 nm, covering the entire visible region of sunlight. Fig. 18 
shows the extinction and absorption cross section of studied particles, which shows that 
these particles are good light absorbers because of the almost equivalent extinction and 
absorption cross sections. Interestingly, the extinction result of graphite 1 was close to 
those of acetylene soot and propane soot at the relatively longer wavelength (> 500 nm) 
versus that of pyrolytic carbon, which was close to that of soot particles at a short 
wavelength (< 400 nm). The diesel soot showed a relatively weaker extinction effect 
than other particles. It is notable that the aforementioned studies were based on the 
single particle model. Moreover, Fig. 19 shows the scattering properties of those 
particles that were revealed by their far-field scattering patterns. Generalized scattering 
patterns of the involved particles were found to exhibit the tendency of forwarding 
scattering in a shorter wavelength range and dipole antenna scattering for a longer 
wavelength range. Moreover, the graphite particles incurred stronger light scattering in a 
shorter wavelength range compared to that of soot particles, but scattering was 






Figure 18. (a) The extinction cross section of the studied particles. (b) The absorption cross 
section of the studied particles. 
 
 
Figure 19. (a) The far-field scattering pattern of the acetylene soot. (b) The far-field scattering 
pattern of the propane soot. (c) The far-field scattering pattern of the diesel soot. (d) The far-field 





3.2.2. Optical Properties of Soot Particles with Different Shell Materials.  
Soot particles in the atmosphere tend to be the internal core in a core-shell mixed 
structure after undergoing an aging process. The treatment of these mixtures as 
core/shell structures have been applied and confirmed in many previous studies by 
investigating their microscopic images [67] [68]. However, the shell composition varies 
with sources and regions and usually has a non-absorbing composition. These structures 
have been extensively studied but there is a lack of studies about the consistency of their 
increasing role in absorption enhancement as a shell outside of soot particles to form a 
core-shell structure, especially those weak-absorbing BrC from similar emission sources  
[69]. This section only focused on graphite 1 as a core material, which was closer to soot 
particles in its optical constant and properties. Four kinds of typical atmospheric shell 
materials, such as H2O, H2SO4 [70], NaCl [71] and BrC, and their different thicknesses, 
were investigated for their absorption enhancement contribution to the overall formed 
core-shell particles; this investigation yielded further understanding of their 
enhancement mechanisms.  
Fig. 20 shows the absorption enhancement absE  of soot particles coated with H2O 
compared with bare particles. The coating shell thickness is 10 nm, 30 nm, 50 nm and 70 
nm, and the ratio of water shell mass wM  and soot core mass gM  is 0.78, 4.29, 11.56 
and 23.95, respectively. It is clearly seen that the water shell can effectively enhance the 
absorption efficiency of visible light by soot particles. The enhancement increased with 
the thickness of the water shell but in a decreasing tendency. The scattering electric field 
was also calculated in this model (Fig. 21) to further exhibit the mechanism of the 




particles of approximately 50 nm tended to forward scatter in a shorter wavelength range 
(300 nm wavelength), which can be enhanced by the water shell. Moreover, the 
enhancement of the forward scattering increased with the shell thickness. In addition, for 
longer wavelengths, the scattering of the particles was like a dipole antenna (consistent 
with the far-field scattering pattern in the last section). In addition to H2O, there are 
other non-absorbing shell materials, including H2SO4 [72] and NaCl, that were also of 
interest because of their availability in atmospheric conditions. The results shown in Fig. 
22a of the soot particle coated with H2SO4 showed a similar absorption enhancement 
effect compared to that of the soot particle coated with H2O. However, a larger increase 
in 
absE  was found when the soot particle was coated with NaCl, as shown in Fig. 22b, 
where 
absE  was over 5 when the coating thickness was 50 nm.  
 
 






Figure 21. The scattering electric field of the soot particles coated with water shell (the incident 
light is from above). 
 
 
Figure 22. The absorption enhancement  absE  of the soot particles coated with (a) H2SO4 and 
(b) NaCl. 
 
It is well established that the soot particles coated with the non-absorbing shell can 
have significant absorption of visible light. Unlike the H2O and H2SO4 non-absorbing 




soot particles. Some studies indicated that the absorption of BrC can be an important 
factor in aerosol radiative forcing. The refraction index of BrC can only be found at 
specific wavelengths in the literature [73] [74], and this literature provided a model 
predicting the refraction index of BrC that can be expressed as 1.7( 0.2) BrCRI k i   . 
This equation helped with predicting a soot particle coated with weak absorbing BrC 
using the established simulation model. Fig. 23 shows the absorption enhancement of 
the soot particle coated with BrC, and it can be seen that BrC shells have a larger 
absE  
compared to that of the soot particle with the H2O and H2SO4 shells. It was expected to 
find that there was a great difference of 
absE  for soot particles with different shells, 
revealing that absE  of soot with BrC shells was greater than those of soot with 
non-absorbing shells. Most significantly, absE  was very different in shorter and longer 
wavelength ranges in the soot with greater BrC shell thickness, indicating stronger 
wavelength dependence of BrC shells. 
 
 





3.2.3. Optical Properties and Warming Effect of Soot Aggregation.  
In reality, the freshly emitted soot particles tend to form aggregates due to particle 
collisions and water interactions, which induce the rapid aging of soot particles in a 
mixed state. Usually, these aggregated soot particles tend to form a compact spherical 
shape coated with shell materials after restructuring to reach a new stable state. In this 
study, DLA was applied to establish typical and relatively simple twelve-particle 
aggregates (50 nm diameter for each particle) for the different aging processes. The 
fractal dimension fD  was set to be 1.3, 2.0, and 2.8 for the three soot aggregates, such 
as the freshly emitted soot aggregates, the partly coated soot aggregates and the 
embedded soot aggregates, respectively [75] [76]. Freshly emitted soot aggregates 
existed as an elongated structure, while the partly coated soot aggregates was more 
compact and were partially surrounded by water. Embedded soot aggregates had a 
relatively stable structure and showed a spherical shape coated with a water shell.  Fig. 
24 shows the calculated absorption, scattering and extinction cross sections that revealed 
their optical properties. It can be seen that the freshly emitted soot aggregates and the 
partly coated soot aggregates had similar extinction effects. The freshly emitted 
aggregates tended to absorb more light, rather than scattering more light, due to their 
large irradiated area and small interactions between particles, while the embedded soot 
aggregates possessed a much stronger light extinction and the extinction cross section 
was close to 10000 nm2 at the 300 nm wavelength. It can also be seen that these three 
soot aggregates exhibited stronger light extinction at shorter wavelengths, and there is 
only a small difference in the optical properties at the longer wavelengths.  




transfer was established in order to understand the photothermal behaviors of the studied 
particle systems. Considering the stronger extinction characteristic of soot particles at 
shorter wavelengths, while the solar radiation is mostly found in visible light, a focus on 
the incident light at 450 nm wavelength was chosen. The ambient temperature was set to 
be 293.15 K. Fig. 25a shows the temperature distribution around the freshly emitted soot 
aggregates, revealing that there was only a slight increase in temperature of the freshly 
emitted soot aggregates as they reached the steady state. It was also notable that the 
temperature varied with the polar angle   and azimuthal angle   of the incident light 
due to the slender structure of freshly emitted soot aggregate (Fig. 25b). Fig. 26 shows 
the temperature distribution of both the partly coated soot aggregates and the embedded 
soot aggregates. It can be found that the temperature increase of the partly coated soot 
aggregates was less than that of the freshly emitted soot aggregates, which was likely 
attributable to the relatively compact shape of the partly coated soot aggregates and the 
interaction between the soot monomers. The results also revealed a maximum 
temperature rise, close to 0.35 K, in the case of the embedded soot aggregates due to 
their stronger absorption properties. Similarly, the water shell in aggregate cases can also 
efficiently enhance the absorption of the core structure of the soot aggregates. Overall, 
the optical properties and warming effects of the soot particles were related to a variety 
of factors, including size, shape, chemical composition and mixture state. There were 
still other important factors that affect the behaviors of soot, such as particle 






Figure 24. Absorption (dotted line), scattering (dashed line) and extinction (solid line) cross 
section of the soot aggregates with different shapes. 
 
 
Figure 25. (a) Isosurface map of the temperature distribution of freshly emitted soot aggregates. 
(b) Maximum temperature of the freshly emitted soot aggregates at different polar angles    






Figure 26.  (a) Isosurface map of the temperature distribution of the partly coated soot 
aggregates. (b) Isosurface map of the temperature distribution of the embedded soot aggregates. 
 
3.2.4. Conclusion 
A numerical simulation method coupling optics and heat transfer was established to 
investigate the optical properties and warming effect of soot. The results are as follows,  
The extinction of graphite was close to that of acetylene soot and propane soot at 
the relatively longer wavelength (> 500 nm), versus that of pyrolytic carbon which was 
close to that of soot particles at short wavelength (< 400 nm). While, the diesel soot 
showed a relatively weaker extinction effect than those of other particles. All of these 
particles tended to scatter light forward at short wavelength and showed a dipole antenna 
scattering at longer wavelength,  
To make the simulating more realistic on real soot aerosols, two major sub-models 
have been integrated, which involved their core-shell structures and their fractal 
agglomerate structures. Four kinds of shell materials, including non-absorbing (H2O, 
H2SO4, NaCl) and weak-absorbing (BrC) in their different shell thickness, were studied 




these shell materials can enhance the scattering forward effect at short wavelength. NaCl 
shell showed the strongest absorption enhancement among those non-absorbing shell 
materials. The absorption enhancement increased with shell thickness. However, 
weak-absorbing shell material BrC exhibited even better absorption enhancement (
absE  
was close to 6 at 360 nm).  
At last, three fractal soot aggregates from different aging process, such as the 
freshly emitted soot aggregates ( 1.3fD  ), the partly-coated soot aggregate ( 2.0fD  ) 
and the embedded soot aggregate ( 2.8fD  ) were also investigated, and found that the 
embedded soot aggregate had the maximum absorption of incident light which resulted 
in an atmospheric temperature rising by 0.35K.  
   4 SUMMARY AND PROSPECT  
This research provided a numerical simulation model based on FEM to study the 
optical properties of nanoparticles and their suspensions. The optical properties of 
nanoparticles consist of scattering, absorption and extinction, and in the case of 
nanoparticle suspension, the transmission is also included. Numerical simulation is an 
important auxiliary research method besides experiment. The FEM method adopted in 
this research is a new simulation method, which is not limited by particle shape 
compared with Mie theory when studying the optical properties of nanoparticles. In 
addition, it can couple multiple physical fields, for example, it can be coupled with the 
heat transfer when studying the absorption of nanoparticles to investigate the 
photothermal conversion of nanoparticles. Moreover, this method can also be used to 




There were two applications in this research according to the established model, 
one was to study the nanofluids for solar energy harvest, and the other was study the 
optical properties and warming effect of soot. When studying the nanofluids for solar 
energy harvest, this model could provide a convenient and rapid screening of potential 
nanoparticles and nanofluids candidates for solar energy harvests. It turned out that a 
core-shell structure nanoparticle with Cu core in diameter of 90 nm coated with 5 nm 
thickness graphene had a better photothermal property in the desirable solar spectrum.  
Moreover, its corresponding nanoparticle suspension, known as nanofluids, had also 
been studied in this research. The average temperature of nanofluid corresponding 
Cu/Graphene core-shell nanoparticle experienced the largest increase compared with 
other studied nanofluids under the same conditions. Besides, this model was also used to 
study the optical properties and warming effect of soot. Different soot particles were get 
studied in the full wavelength spectrum of Vis light. Their particle size, as well as the 
material, would affect their scattering and absorption of light. What’s more, to make the 
simulation more similar to real soot aerosols, two major submodels were integrated, 
which involved their core-shell structures and their fractal agglomerate structures.  
Several shell materials and agglomeration forms were also studied due to the strong 
applicability of the model. 
    Meanwhile, the applications studied in this research were only part of the 
application of this model. For example, the model could also be used in medical research 
to study the photothermal therapy of cancer, which was also a research hotspot. In 
addition, the optical properties of nanoparticles can be studied comprehensively based 




characterization. Therefore, studying the interaction between matter particles and 
electromagnetic waves based on the built model can help to choose different 
characterization methods and optimize the design of spectroscopy techniques. In general, 
this research shows a wide range of application background, which is of great 
significance. 
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